We report the first chemoenzymatic synthesis of the stable isotope-enriched heparin from a uniformly labeled [ 13 C, 15 N]N-acetylheparosan (-GlcA(1,4)GlcNAc-) prepared from E. coli K5. Glycosaminoglycan (GAG) precursors and heparin were formed from N-acetylheparosan by the following steps: chemical N-deacetylation and N-sulfonation leading to N-sulfoheparosan (-GlcA(1,4)GlcNS-); enzymecatalyzed C 5-epimerization and 2-O-sulfonation leading to undersulfated heparin (-IdoA2S(1,4)GlcNS-); enzymatic 6-O-sulfonation leading to the heparin backbone (-IdoA2S(1,4)GlcNS6S-); and selective enzymatic 3-O-sulfonation leading to the anticoagulant heparin, containing the GlcNS6S3S residue. Heteronuclear, multidimensional nuclear magnetic resonance spectroscopy was employed to analyze the chemical composition and solution structure of [ 13 C, 15 N]N-acetylheparosan, precursors, and heparin. Isotopic enrichment was found to provide well-resolved 13 C spectra with the high sensitivity required for conformational studies of these biomolecules. Stable isotope-labeled heparin was indistinguishable from heparin derived from animal tissues and is a novel reagent for studying the interaction of heparin with proteins.
Introduction
Heparin and heparan sulfate (HS) participate in many important biological processes, including blood anticoagulation, viral and bacterial infection and entry, angiogenesis, inflammation, cancer, and development.
1-3 Heparin/HS carry out their biological functions primarily by their interaction with proteins, in which sulfo and carboxyl groups electrostatically interact or hydrogen-bond with basic amino acids of the target protein. 1 In a number of cases, heparin/HS has been demonstrated to bind specifically and with high affinity to proteins, regulating their biological functions.
2,3 Structural analysis, relying on either NMR or X-ray crystallography, has been reported for several heparin/HS-protein complexes, revealing the relative importance of certain negatively charged groups in specific positions of the uronic acid (UA) and/or glucosamine residues. [4] [5] [6] Unfortunately, in most cases there is a lack of general approaches for the identification and positioning of the key groups within heparin/HS required for protein-binding specificities.
Heparin and HS are acidic linear polysaccharides having closely related structures. Both are isolated by extraction from animal tissues and are members of the glycosaminoglycan (GAG) family. These GAGs have an average molecular weight of 10-15 kDa and a polydispersity of 1.05-1.6. 7 Heparin and HS are comprised of a repeating disaccharide structure of 1,4-linked hexuronic acid and glucosamine residues. The most common disaccharide unit of heparin is composed of a 2-Osulfo-R-L-iduronic acid 1,4-linked to 6-O-sulfo-N-sulfo-R-Dglucosamine, -IdoA2S(1,4)GlcNS6S-. HS has a similar but less sulfated structure containing primarily -D-glucuronic acid (GlcA) and N-acetyl-R-D-glucosamine (GlcNAc). 8 Heparin, a clinical anticoagulant, binds to the serine protease inhibitor antithrombin III (ATIII), causing it to undergo a conformational change resulting in ATIII inhibition of thrombin and other coagulation cascade proteases.
2,8 ATIII binds to a specific pentasaccharide sequence, contained within the heparin/HS, † having the structure GlcNAc/NS6S(1,4)GlcA(1,4)GlcNS3S-6S(1,4)IdoA2S(1,4)GlcNS6S. 9 Methods for analyzing heparin/HS sequence and conformation are important for understanding biological activity and structureactivity relationships.
8 Nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) have become the primary tools for establishing the chemical structure of heparin/ HS. NMR has also provided insight into the conformational and dynamic solution properties of short-chain heparin/HS oligosaccharides, prepared from animal sources or by chemical synthesis. [9] [10] [11] Mulloy and co-workers 12 utilized a joint NMR and molecular-modeling approach, in which models at atomic resolution were generated for heparin and de-N-sulfonated, re-N-acetylated heparin. While a number of high-quality crystal structures have been reported for heparin/HS oligosaccharides in complex with various proteins, no high-resolution crystal structures have been reported for unbound heparin/HS polysaccharides or oligosaccharides, due to difficulties in both purification and crystallization. As a result, much of our understanding of heparin/HS-derived oligosaccharide structure is derived from crystallographic models of these carbohydrates in complex with heparin-binding proteins. 6 These structures often reveal carbohydrates in distorted conformations and offer little information on the flexibility of the carbohydrate and the number of conformational forms. NMR is ideally suited to determine the conformational and dynamic features of heparin/HS in solution. Unfortunately, the extensive proton spectral overlap, the extended and flexible conformation, and the inherent microheterogeneity (sequence variability and dispersity) of heparin/HS, isolated from animal tissues, limit conformational analysis by NMR to short oligosaccharides and make analysis in complex with proteins nearly intractable. [9] [10] [11] A principal way for reducing spectral overlap and resolving proton resonances is the correlation of chemical shifts of heteronuclei in additional spectral dimensions. 13 Heteronuclear NMR is highly effective in resolving heparin/HS spectra due to the surprisingly high level of 13 C dispersion. However, nearly all heteronuclear NMR experiments that probe higher ordered structures require isotopic enrichment for acceptable sensitivity. While isotopic enrichment of animal-derived polysaccharides is theoretically possible by feeding stable isotopic precursors, the cost of such an approach is prohibitive. Chemoenzymatic synthesis has recently been introduced as an alternative method to prepare various heparin/HS derivatives for biological and clinical evaluation. 14, 15 The biosynthesis of heparin/HS GAGs has been extensively studied. 16, 17 A repeating 1,4-glycosidically linked copolymer of -D-GlcA and R-D-GlcNAc, called Nacetylheparosan, is synthesized through the stepwise addition of uridine diphosphate-activated sugars. Bacteria, including Escherichia coli and Pasteurella multocida, also biosynthesize N-acetylheparosan. 18, 19 During heparin/HS biosynthesis in animal cells, the N-acetylheparosan linear homocopolymer is modified sequentially through the action of N-deacetylase/Nsulfotransferase, C 5 -epimerase, and 2-, 6-, and 3-O-sulfotransferases (OSTs). Complete or nearly complete modification of a chain results in heparin, while partial modification results in HS. 16, 17 These biosynthetic enzymes have been cloned, expressed, and used for controlled synthesis of heparin/HS. 15, 20 N-Acetylheparosan and its derivatives have been the subject of recent interest in an effort to prepare heparin-like therapeutics from non-animal sources. 14, 21 Enzymatic sulfonation of these derivatives offers products that closely resemble the heparins isolated from animal tissues, suggesting a utility in the development of new pharmaceuticals. 15, 20, 22 Unfortunately, despite the decreased heterogeneity of these heparin derivatives, structural studies using NMR are still plagued by the low natural abundance of heteronuclei. Heteronuclear NMR has been extremely beneficial in solving the solution structures of proteins and nucleic acids. 23, 24 Studies on 13 C-labeled chondroitin sulfate oligosaccharides 25 and stable isotope-labeled hyaluronan and hyaluronan oligosaccharides 26 suggested to us that a similar approach might be possible for heparin. As a demonstration, the solution structures of N-acetylheparosan, heparin, and intermediate GAGs have been analyzed here using heteronuclear NMR and molecular dynamics (MD) with time-averaged restraints (Tar-MD).
Experimental Section
Preparation of [ 13 C, 15 N]N-Acetylheparosan. 13 C, 15 N-isotopically labeled N-acetylated heparosan (-GlcA(1,4)GlcNAc-) was prepared by fermentation of E. coli K5 strain in minimal media containing 13 C-D-glucose and 15 NH 4 Cl.
27
Expression of Recombinant HS Biosynthetic Enzymes and Heparin Lyases. The catalytic domains of human C5-epimerase, hamster 2-OST, hamster 6-OST-1, mouse 6-SOT-3, and mouse 3-OST-1 were recombinately expressed in E. coli and purified. 20 Heparin lyases I, II, and III were cloned from the genomic DNA of FlaVobacterium heparinum. The expression of the recombinant heparin lyases was also carried out for E. coli.
28
Preparation of Heparin and Its Precursors. 13 C, 15 N-Labeled N-acetylheparosan (5 mg) was N-deacetylated using NaOH, neutral-ized with HCl, and N-sulfonated with (CH 3 ) 3 N · SO 3 . 29 Three modification steps were used to convert 13 C, 15 N-labeled Nsulfoheparosan to anticoagulant heparin: C 5 -epimerization/2-Osulfonation, 6-O-sulfonation, and 3-O-sulfonation. Each step was performed in buffer in the presence of a PAPs regeneration system.
15

NMR.
1 H and 13 C NMR, 2D 1 H- 13 C HMQC, and constanttime HSQC and 3D HCCH-COSY, HCCH-TOCSY, and (H)CCH-TOCSY spectra were recorded on 13 C, 15 N-labeled N-acetylheparosan, N-sulfoheparosan, undersulfated heparin, and heparin samples in D 2 O. The proton and carbon chemical shifts were calibrated against 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS). A series of 3D 13 C-separated NOE spectra were also acquired for each sample at mixing times of 20, 40, and 100 ms.
Disaccharide Composition Analysis of Anticoagulant Heparin. Heparin and anticoagulant heparin (20 µg, respectively) were incubated in 50 mM sodium phosphate buffer, pH 7.0, with heparin lyase I, II, and III mixture (100 m-units) at 37°C for 10 h. Completely digested products were heated in a boiling water bath for 10 min to halt the reaction. The denatured protein was removed by centrifugation at 12000g for 10 min, and disaccharides were analyzed by HPLC-ESI-MS.
30
APTT Activity and ATIII-Binding. 13 C, 15 N-Labeled heparin and anticoagulant heparin (100-1500 ng) were subjected to APTT assay, and anticoagulant activity was calculated from a standard curve prepared using the same concentrations of pharmaceutical heparin. 31 The 3-O-[ 35 S] sulfated, anticoagulant heparin was incubated with ATIII and captured using ConA-Sepharose. Binding of 35 S-labeled anticoagulant heparin to ATIII was determined by scintillation counting.
Molecular Dynamics Simulations. For all the MD simulations, with or without time-averaged restraints (tar), a heptasaccharide (residues labeled 1-7 with 1 being a nonreducing end residue), prepared from the repeating disaccharide of each GAG structure, was employed, starting with a GlcNAc residue at the nonreducing end. Two independent simulations were performed for undersulfated heparin and heparin, one with the IdoA in the 1 C 4 conformation and one with the IdoA in the 2 S O skew boat geometry.
Tar-MD Simulations in Explicit Water with NOE-Based
Restraints. Tar-MD simulations were performed with AMBER 32 to 6.0 (parm94), 33 implemented with GLYCAM 06 parameters 34 and with parameters computed for the sulfo and sulfamo groups, 35 to accurately simulate the conformational behavior of the sugar moiety and the sulfo and sulfamo groups, respectively. The tar-MD used 1805, 1977, 1993 , and 2135 water molecules for N-acetylheparosan, N-sulfoheparosan, undersulfated heparin, and heparin, respectively. In all cases, the starting geometries were generated from the available data 12 deposited in the Protein Data Bank (pdb code 1hpn) and modified accordingly. Final trajectories were run using an exponential decay constant of 400 ps and a simulation length of 4 ns. Experimental cross-relaxation rates were derived from the NOESY-HSQC experiments acquired with 20, 40, and 100 ms mixing times. The experimental distances and experimental NOEs were compared to those computed for the tarderived ensembles and for single conformers of the model heptasaccharides using the isolated spin-pair approximation and a fullmatrix relaxation approach with software developed in-house. An isotropic reorientation model was inadequate and unable to simultaneously accommodate the experimental intra-and interresidue NOEs for the different residues. Thus, a symmetric top model with correlation time values τ ⊥ ) 8 ns and τ | ) 0.16 ns was employed for heparin and the related molecules, as described by Mulloy and co-workers.
12
Molecular Modeling without Restraints in Explicit Water.
The solute molecule was first immersed in a TIP3P 36 bath of water molecules with the LEAP module. The simulation was performed using periodic boundary conditions and the particle-mesh Ewald approach 37 to introduce long-range electrostatic effects. The SHAKE algorithm for hydrogen atoms, which allows using a 2 fs time step, was also employed. Finally, a 9 Å cutoff was applied to Lennard-Jones interactions (see Supporting Information for details). Figure 1A ). The average molecular weight of the [ 13 C, 15 N]N-acetylheparosan was ∼75 kDa, 15 and its isotopic purity was 94% based on disaccharide analysis using high-performance liquid chromatography (HPLC) and detection with electrospray ionization mass spectrometry (ESI-MS) (see Supporting Information).
Results and Discussion
Preparation of Uniformly
Preparation of Uniformly Labeled Heparin and Its
Precursors. 13 C, 15 N-Labeled heparin and its precursors were prepared by a stepwise chemoenzymatic synthesis in milligram amounts from [ 13 C, 15 N]N-acetylheparosan. The initial chemical N-deacetylation/N-sulfonation steps result in a partial depolymerization N-acetylheparosan, reducing the average chain length of all of the precursors to ∼20 disaccharide units, 15 and ultimately giving a heparin molecular weight of ∼12 kDa. The percent conversion of each step ( Figure 1A ) was calculated on the basis of disaccharide analysis (see Supporting Information). 15, 20 Treatment with 2-OST and C 5 -Epi afforded an undersulfated heparin that was treated with 6-OST to afford heparin. Finally, treatment with 3-OST-1 results in an anticoagulant heparin. The presence of 13 C, 15 N-label permitted the unambiguous assignment of all proton and carbon resonances. It is notable that, while excess enzyme and PAPS cofactor were used in each step, none of the enzymatic modifications were complete. The final products, both heparin and anticoagulant heparin, however, resemble the pharmaceutical heparin products extracted from animal tissues 38 in disaccharide composition (see Supporting Information), with 86-89% of their structure consisting of the trisulfated, IdoA2S(1,4)GlcNS6S, disaccharide repeating unit.
Chemical Structure Analysis of Uniformly Labeled Hep-
arin and Its Precursors. 1D, 2D, and 3D NMR were applied to confirm the structures of N-acetylheparosan, N-sulfoheparosan, undersulfated heparin, and heparin with significant improvement in resolution.
1 H-13 C HMQC, 1 H-13 C constant-time (CT)-HSQC, 3D HCCH-COSY, HCCH-TOCSY, (H)CCH-TOCSY, and 13 C-separated NOESY spectra were applied to unambiguously assign the spectra ( G/I1-G/I6). NMR assignments for N-acetylheparosan and heparin, found in the literature, 12, 39 were comparable to those presented in Table 1 . Examples of 1 H-13 C HMQC spectra of N-acetylheparosan, N-sulfoheparosan, undersulfated heparin, and heparin are shown in Figure 1B -E (see Supporting Information). The HMQC spectra show both highly degenerate proton and well-dispersed carbon resonances. A high degree of chemical homogeneity is evident and the differences in the chemical structures of these GAGs are clearly reflected in these spectra. Chemical differences at the chain termini were not observable since they comprise low relative concentrations (<5%) as a result of the high chain length. The 3D-HCCH-COSY (Figure 2 ) spectra were instrumental in the assignment of severely overlapped proton signals that could not be resolved in homonuclear spectra. Even in cases where overlap in both the 1 H and 13 C dimensions was observed, such as for N3, N4, and N5 of N-acetylheparosan and N-sulfoheparosan, constanttime encoding of 13 The percent conversions of 97% (99%) for N-deacetylation and N-sulfonation, 87% (93%) for C 5 -epimerization and 2-Osulfonation, and 90% (95%) for 6-O-sulfonation, obtained from NMR and (disaccharide analysis, Figure 1A) , were comparable to those calculated from these spectra. The chemoenzymatic process used in GAG synthesis results in a polydisperse product containing minor structural heterogeneity as a result of incomplete modification. Thus, the assignments obtained (Table 1) correspond to the major disaccharide-repeating unit present in each GAG. While saccharide residues at the reducing and nonreducing ends of the GAG chains can also contribute to heterogeneity, NMR did not readily observe these end groups, as they corresponded to <5% of the saccharidic units. The percent conversion of heparin to anticoagulant heparin, resulting from 3-O-sulfonation, was too low to be unambiguously confirmed and/or quantified by NMR or by disaccharide analysis.
Heparin structure varies between species and organs; for example, porcine intestinal and bovine lung heparins (both pharmaceutical heparins) have distinctly different structures.
1,38
On treatment with heparin lyases, individual chains can afford as many as many as eight different disaccharides and several resistant oligosaccharides to as few as one repeating disaccharide, -IdoA2S(1,4)GlcNS6S-. This microheterogeneity of animalderived heparin results from variability of the activity, specificity, and accessibility of enzymes in the Golgi at the time of biosynthesis. Heparan sulfate, a closely related polysaccharide, has an even more complex structure than heparin, and it is often an impurity in pharmaceutical heparin isolated from animal tissues. Chemoenzymatically synthesized heparin contains no heparan sulfate impurity and no residual linkage region impurity, and since it is lacking N-acetyl-substituted glucosamine residues it shows a simpler disaccharide composition than pharmaceutical heparin. N isotopic labeling facilitated the NMR-based structural analysis of the GAGs. The well-dispersed 13 C-spectra enabled sensitive application of a wide array of multidimensional heteronuclear experiments by overcoming limitations resulting from severe overlap of proton resonances that have historically hindered the interpretation of GAG NMR data. One-bond 1 H- 15 N couplings in N-acetylheparosan were sensitively detected, but rapid solvent exchange in N-sulfoheparosan decreased their value in the structural assignment of N-sulfonated GAGS. In the future we anticipate that 15 N labeling will be important in the NMR studies of these GAGs due to the sensitivity of 15 N chemical shift to the local environment. 15 Chemical shifts (δ, ppm) for the Major N and G/I Residues Present in N-Acetylheparosan, N-Sulfoheparosan, Undersulfated Heparin, and Heparin (see Figure 1A for Structures) be instrumental in overcoming spectral degeneracies by combining 15 N-and 13 C-separated dimensions within an NMR experiment. This dual heteronuclear labeling strategy should facilitate sequence-specific assignment and provide structural data at atomic resolution for heparin oligosaccharides in the future, particularly when used for heparin-protein complexes.
N dispersion can
Characterization of Anticoagulant Heparin. In the transformation of heparin to anticoagulant heparin, the small number of sites undergoing 3-O-sulfonation afforded no detectable change by NMR. To determine percent conversion, 13 The ATIII binding activity of this anticoagulant heparin was also determined. 20 After 3-OST-1 modification, scintillation counting demonstrated that only 35.2% of the 35 S-labeled anticoagulant heparin chains bound to ATIII, confirming that the 3-OST-1 modified heparin binds to ATIII.
Anticoagulant activity was next assessed using activated thromboplastin time (APTT). 40 The activity of chemoenzymatically synthesized heparin was 20 ( 6 U/mg, while chemoenzymatically anticoagulant heparin was 180 ( 15 U/mg, comparable to the 170 U/mg displayed by a standard pharmaceutical heparin. Previously, we had reported anti-Xa and anti-IIa activities comparable to those of pharmaceutical heparin for heparin chemoenzymatically synthesized without isotopic labeling. 15 While chemoenzymatically synthesized heparin showed only four disaccharide peaks in HPLC-ESI-MS (see Supporting Information), anticoagulant heparin showed additional (4%) heparin lyase-resistant peaks as a result of the incorporation of 3-O-sulfo groups.
35 S incorporation studies confirmed that ∼7.5% of the GlcN residues were 3-O-sulfonated and that approximately one-third of these chains bind with high affinity to ATIII, closely resembling the percentage of chains in pharmaceutical heparin with high affinity for ATIII.
38 APTT assay showed the activity of anticoagulant heparin to be comparable to that of standard pharmaceutical heparin.
Conformational Analysis of Heparin and Its Precursors.
From the fully assigned spectra (Table 1) and quantitative NOEs  (Table 2) , the conformation of the starting N-acetylheparosan, N-sulfoheparosan, undersulfated heparin, and heparin were examined with experimentally restrained MD simulations using a protocol 41 similar to that recently applied by our group on a dermatan sulfate oligosaccharide. 42 Existing models of GAGs and related glycans were used to evaluate NOE cross-peak assignments and degeneracy. 43 Once the assignment process was completed, the intensities of the NOE cross-peaks at the various mixing times were normalized to the corresponding diagonal peaks. The interproton distances were deduced from a full-matrix relaxation approach on model chair and skew-boat geometries. 44 Spin-diffusion was essentially absent at 20 ms NOE mixing time and gave a very minor contribution at 40 ms NOE mixing time.
A maximum error of 10%, estimated from spectral signal-tonoise, resulted from noncorrected spin-diffusion contributions and resonance overlap, problems largely eliminated by our 3D 13 C-separated approach. The observed data correspond to an average for all the glycosidic linkages of the GAG and should show identical ensemble-averaged behavior on the long time scale required for measuring NOE values.
Tar-MD simulations were employed to generate 3D models of the different GAGs. For comparison purposes, the same simulations were also performed without time-averaged restraints (7-9 ns of simulation time), providing similar results. Tar-MD [45] [46] [47] [48] simulations were performed for heparin and its precursors to obtain a conformer ensemble having distances comparable to those estimated by NMR. The NOE-derived distances were included as time averaged distance constraints in two different trajectories using either 〈r
restraints to cope with different internal motion timescales. In all cases, tar-MD trajectories were collected in the presence of explicit water, and unrestrained MD simulations were also computed for comparison purposes.
Results from the tar-MD simulations for N-acetylheparosan (Table 3 and Figure 3A) show close agreement, in numerical terms, between the distances found in the refined models and experimental data using a 4 ns tar-MD simulation with explicit water. The φ/ψ distribution maps indicate that the glycosidic a No stereospecific assignment was performed, and the restraint was included in the tar-MD simulations to the corresponding C-6 carbon atom (adding 0.8 Å).
linkages cover a similar area of the allowable conformational space, independent of their position in the sequence ( Figure 3A) . In terms of the glycosidic angle φ, only exoanomeric orientations were adopted, demonstrating the goodness of the employed force field. Only a very minor proportion (<2%) of non-exoanomeric conformers were predicted for the linkage between residues 2 and 3 of the heptasaccharide sequence undergoing MD simulation. Both GlcNAc(1,4)GlcA and GlcA(1,4)GlcNAc linkages show conformers with a negative-ψ angle highly populated with only minor incursions for the anti-ψ and positive-ψ values. Analogous φ/ψ plots are also provided heparin (Table 4 and Figure 3B ) and for N-sulfoheparosan, and undersulfated heparin (see Supporting Information). The ensemble shows that the conformational space accessible for each glycosidic linkage covers a well-defined area of the total available φ/Ψ energy surface. Flexibility is apparent in N-acetylheparosan, which cannot be defined by a single, rigid chain model, with a behavior indeed similar to that reported for hyaluronic acid (HA), a similar structure having a -4)GlcA(1,3)GlcNAc(1-repeating disaccharide unit, with almost four sugar rings per helix turn.
49
The reported standard deviations of the glycosidic linkages in this polymer are ∼13°, while in our tar-MD approach for N-acetylheparosan, the estimated maximum deviations for φ and Ψ angles from the major value are ∼35°.
MD simulations were similarly performed on all GAG precursors and heparin. A superimposition of 20 conformers, randomly collected from the tar-MD simulations, is shown in Figure 4 . After discarding data from the first nanosecond, the root-mean-square deviation (rmsd) of the skeleton atoms of all (49) a The experimental key proton-pair distances (Å) as deduced from the NOE-based 3D NOESY-HSQC experiments were implemented as structural restraints with a 10% margin, using a flat well potential.
b No stereospecific assignment was performed and the restraint was set to the corresponding C-6 carbon atom (adding 0.8 Å). the sampled structures was 2.1 Å, compared to the averaged structure. The unrestrained simulations showed a very similar behavior. The simulation began with all seven saccharide residues 1-7 of the heptasaccharide in the 4 C 1 form. While the NMR data were acquired on a polysaccharide of approximately 20 disaccharide units, our simulations were performed on heptasaccharide models of the polysaccharides. Therefore, special attention was paid to the motion of the central residues, as a paradigm for the motion of the disaccharide entities within the intact polysaccharide. At the end of the simulation no interconversion into other ring forms was observed for either GlcNAc or GlcA residues. In contrast, in the case of the IdoA residues, interconversion between 1 C 4 and 2 S O forms was observed in both the restrained and unrestrained simulations. These results are consistent with observations that GlcNAc and GlcNS residues were solely in the 4 C 1 conformation based on 3 J H-H values.
5 Additionally, the pyranose form of GlcA also has been shown to prefer the more stable 4 C 1 form. 50 Tar-MD simulations were also used here to examine the conformation of N-sulfoheparosan. The ring geometries and the φ/ψ values of N-sulfoheparosan in the generated structural models were nearly identical to those of N-acetylheparosan resulting, in a similar local and global conformation ( Figure 4B , also see Supporting Information). The length (N-N distance between the GlcN residues at positions 1 and 13) and shape of the two chains were similar when oligosaccharides having 13 residues were modeled from the more populated values of the tar-MD Φ/Ψ distributions of the central residues for each structure ( Figure 5 ). The lengths of heparosan and N-sulfoheparosan were 57.4 and 58.4 Å, differing by only 1.0 Å. The pairwise rmsd between the 13-mer N-acetylheparosan and N-sulfoheparosan chains was 4.9 Å, and the pairwise rmsd for the central trisaccharide was 1.0 Å. Thus, it appears that N-sulfonation does not modify the conformation of this GAG ( Figure 5A ). Neither anti-conformer nor non-exo conformer was found in the final ensemble of N-sulfoheparosan, and the models showed even less conformational variation (rmsd 1.9 Å) than that of Nacetylheparosan. The observed increase in the ensembleaveraged H1GlcA-H4GlcNS distance results from an increase in positive ψ-conformers for this linkage, as can be observed in the corresponding curves in Figure 3A for heparosan (5 ( 65°) and those in Figure 3B for N-sulfoheparosan (25 ( 60°). Epimerization of the GlcA C5 position and 2-O-sulfonation affords undersulfated heparin. The structural impact of these modifications was explored through the tar-MD simulations on undersulfated heparin ( Figure 4C , also see Supporting Information). In solution, IdoA2S pyranose exhibits both the 2 S O and 1 C 4 forms in equilibrium. 50, 51 As a means of evaluating bias in the resulting structures, dual sets of simulations were initiated with IdoA2S in the 2 S O and half in the 1 C 4 conformer. Both sets of simulations converged within 4 ns, with an rmsd value of 2.4 Å. The estimated NOE-based H2IdoA2S-H5IdoA2S distanceis3.8Å((10%).SincetheidealizedH2IdoA2S-H5IdoA2S distances for the 1 C 4 and 2 S O conformers are 4.0 and 2.4 Å, respectively, this value is consistent with a large, >85% population of the 1 C 4 conformer of IdoA2S. There was a decrease in the length of the corresponding 13-mer chains, from 58.4 Å for N-sulfoheparosan to 51 Å for undersulfated heparin with all of the IdoA2S residues in the 1 C 4 conformation ( Figure  5 ). Nevertheless, deviations from an idealized helical geometry are found throughout the resulting ensemble members.
Heparin's repeating unit was next afforded by 6-O-sulfonation of the undersulfated heparin. In contrast to its undersulfated precursor, when the force field matched the H1GlcNS6S-H4IdoA2S and H1GlcNS6S-H3IdoA2S distances, the NOEbased H2IdoA2S-H5IdoA2S distance was calculated at 2.8 Å ((10%), a value that, according to the idealized values given above, is consistent with >80% of the IdoA2S being in the 2 S O form, with an rmsd value of 2.2 Å. These results clearly demonstrate that the addition of a 6-O-sulfo group onto GlcNS residues markedly shifts the equilibrium of adjacent IdoA2S residues from the 1 C 4 to the 2 S O conformer. The balance of the 1 C 4 to 2 S O equilibrium in an IdoA residue within a GAG chain had been previously shown to depend on both its own substitution with a 2-O-sulfo group and the substitution of the adjacent GlcN residues.
12, 52 Mulloy and co-workers 50 showed that the overall conformation of the chain (i.e., the optimal angles around the inter-residue glycosidic linkages) is not greatly affected by the position of the 1 C 4 to 2 S O equilibrium. Our observations are similar with only a very minor 0.7 Å difference between the lengths of the 13-mer chains built using 1 C 4 and 2 S O geometries for the IdoA2S. The helical structure of the chain only becomes apparent in the fully modified heparin ( Figures  4D and 5B and see Supporting Information). While the global structures of the members of the tar-MD heparin ensemble deviate from the idealized geometry in models proposed by Mulloy and co-workers, 12 there is good agreement at a local structural level. The ring geometries and glycosidic linkages in the tar-refined heparin ensemble are consistent with previous structural studies performed on short heparin oligosaccaharides. 10, 11 Medium-range to long-range structural ordering is also consistent with the previous studies and, in the current study, heparin a The experimental key proton-pair distances (Å) as deduced from the NOE-based 3D NOESY-HSQC experiments were implemented as tar-constraints with a 10% margin.
b No stereospecific assignment was performed and the restraint was set to the corresponding C-6 carbon atom (adding 0.8 Å).
forms a left-handed helix with rotational and translational parameters similar to those of short heparin oligosaccharides. Therefore, the key helical parameters in heparin, including helical width, groove depth, and axial rise, are not significantly influenced by overall chain length. Local conformational flexibility is evident in the tar-refined ensemble, consistent with previous reported observations. However, this flexibility does not appear to result in accordion-like stretching along the helical axis ( Figure 5 ). Some rotational freedom about the glycosidic linkages was observed in the heparin ensemble, and this fact results in small inter-residue deviations that would be expected to propagate along the extended heparin structure, resulting in long-range disorder or bending of the helical axis. These global distortions are representative of the conformational space explored in solution by the dynamic heparin polysaccharide. 
